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Abstract 
This study aims to assess and compare three different approaches of inherent strain method for prediction of welding induced 
distortion; inherent strain, inherent deformation and shrinkage force approaches. The FEA was performed on T-fillet welded 
structures. The results are compared with elastic-plastic FEA and experiments and shows a qualitative good agreement. It is 
found that the inherent strain and inherent deformation approaches are suitable to predict transverse shrinkage and transverse 
bending whereas to predict the longitudinal shrinkage and longitudinal bending the shrinkage force approach is more suitable. 
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1. Introduction 
Accurate and reliable distortion predictions are essential for structural integrity of welded structures. However, 
finite element simulation of the welding process is highly non-linear and involves in general many phenomena e.g. 
non-linear temperature dependent material behavior, 3D nature of the weld pool and the welding processes and 
microstructural phase transformation. Distortion of a structure can be measured whilst in case of large complex 
structures it is expensive and also time consuming. Numerical analysis is then performed using finite element 
method that reduces the cost however in case of large welded structures, considering extremely nonlinear 
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mechanical behavior of welding, the computational expense are large and simplification linear finite element method 
have to be used. Fig. 1 illustrates different distortions that can occur after welding. An approach for distortion 
analysis is inherent strain where the plastic strain develops during the welding processes give rise to distortion. 
Inherent strain theory has been developed over the years [1-5] where most of the implementation of the method have 
been for the welded offshore and ship structures [6-7]. Other approaches for welding distortion analysis are inherent 
deformation and shrinkage force [8]. This study aims to assess and compare three different approaches of inherent 
strain method for prediction of welding induced distortion; inherent strain, inherent deformation and shrinkage force 
approaches. The FEA was performed on T-fillet welded structures. The analysis is also performed with thermo 
elastic-plastic FEA using the welding simulation approaches developed by the authors [9-11].  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. Classification of welding distortion. 
2. Specimens and experimental set up 
The specimen used for distortion measurement was a T-fillet joint made of S355 steel, both for the base and filler 
material. The dimensions and boundary conditions during welding are shown in fig. 2a. During welding, the 
baseplate has been clamped in one side and in 60 mm from center of the baseplate. Fig 2b shows the set up for 
measurement of the welding deformation using a Wenzel LH1512. By setting the moving coordinate system, the 
measuring device is moved on the surface of the specimen and measures the deformation of some specified points 
both on baseplate and stiffener. Tab. 1 presents the welding parameters used.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. (a)T-Fillet joint, geometry an mesh; (b) experimental set up and measurement. 
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Table 1. Welding parameters 
Throat thickness  
(mm) 
Current  
(I) 
Voltage 
(V) 
Weld length 
(mm) 
Welding speed 
(mm/s) 
Weld passes 
4 390 30 6 13.3 1 
3. Nonlinear finite element analysis 
The finite element software ANSYS v.13 has been used to carry out the nonlinear elastic-plastic finite element 
analysis for the welding simulation.  Weld bead is modeled with the base plate and stiffener and all represent a 
single geometry. The weld bead is divided into adequate number of volumes (blocks) which will be used in the 
implementation of the moving heat source and rapid dumping approach. The simulations are carried out 
sequentially; thermal analysis in order to obtain the temperature distributions and the sub-sequent elastic-plastic 
nonlinear mechanical analysis. The temperature dependent thermo-mechanical properties for S355 steel is taken 
from [9]. The details about the finite element procedure for welding simulation developed previously are found in 
[9-11].  
3.1. Inherent strain zone  
The inherent strain region which is determined through the non-linear FEA is the residual plastic strain created 
due plastic deformation during the welding. This is determined by the average value of the inherent strain 
distribution along the weld line. Fig. 3 shows the inherent strain distribution in the mid cross section of the T-fillet 
joint. The plastic zone along the plate width is narrowed to where the weld joint and most of the plastic deformation 
occurs, approximately in a region of 40 mm. Beyond this region no plastic/inherent strain is observed. However, the 
inherent strain will vary along the welding line due to the 3D nature of welding and moving heat source; plastic 
deformation will occur subsequently as the heat source travels along the weld line. A good approximation is that the 
inherent strain is evenly distributed and averaged.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3. Inherent strain distribution in T-fillet weld. 
4. Elastic finite element analysis 
Elastic FEA may be used to predict the welding distortion when the inherent strain region and averaged 
magnitude is known for the particular joint. Different inherent approaches exists which are based on different initial 
conditions; how you apply the inherent parameter. In inherent strain approach, the inherent strains components are 
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directly applied on the inherent strain zone and the elastic FEM analysis is carried out. In other approaches the 
inherent strain is integrated over the welding line then the results in the form of displacements and forces, inherent 
deformation and shrinkage force, are applied on the inherent strain zone.  
4.1. Inherent strain approach 
The longitudinal and transverse inherent strain is calculated by elastic plastic analysis. As a good approximation, 
the average value of inherent strain distribution is calculated along the welding line and then the result is considered 
as inherent strain zone, fig. 3. The magnitude of the inherent strain, ε, consists of bending (εb) and membrane (εm) 
strain components, eq. 1. The inherent strain components are integrated over thickness (t) and the results applies on 
each element in the inherent strain zone, eq. 2, and assuming constant inherent strain. In this sense, the in-plane and 
bending items causes in plane strain and curvature respectively 
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4.2. Inherent strain approach 
The inherent deformation is calculated by integration of inherent strain over the cross section of the plate and 
perpendicular to welding line. The inherent deformation may be divided into four components: longitudinal 
shrinkage (ߜ௅כ), transverse shrinkage (ߜ்כ), longitudinal bending (ߠ௅כ), and transverse bending (ߠ்כ ), where defined by 
the following equations: 
ࢾࢠכ ൌ
૚
࢚ ඵࢿࢠ
כ ࢊ࢞ࢊ࢟ሺ૜ሻ 
ࢾ࢞כ ൌ
૚
࢚ ඵࢿ࢞
כ ࢊ࢞ࢊ࢟ሺ૝ሻ 
ࣂࢠכ ൌ
૚
ࡵඵ࢚ࢿࢠ
כ ࢊ࢞ࢊ࢟ሺ૞ሻ 
ࣂ࢞כ ൌ
૚
ࡵඵ࢚ࢿ࢞
כ ࢊ࢞ࢊ࢟ሺ૟ሻ 
Moment of inertia, I, is defined as:  
ܫ ൌ ͳͳʹඵݐ
ଶ݀௫݀௬ ሺ͹ሻ 
The average value of inherent deformation components along welding length (ܮ௪ሻ , is calculated by below 
equations and the averaged inherent deformations as initial displacements are applied on the inherent strain zone in 
the elastic FE model: 
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The length of the T-joint structures is divided by 30 sections on each side. The inherent deformation and inherent 
bending are illustrated in fig 4. The inherent deformation components are calculated on each cross section along the 
welding line. Average values are then calculated and shown as straight lines. In order to remove the side effect 
errors, the points that are closed to edges are neglected. In this case, both baseplate and stiffener are analyzed. It can 
be seen that the average value of inherent components are almost the same for both sides of weld center line.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4. Inherent deformation and bending in baseplate and stiffener.  
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4.3. Shrinkage force approach 
Welding distortion can also be calculated by applying equivalent force and moments. Using the following 
equations, the longitudinal and transverse inherent strains are integrated over cross section of the welding line. 
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The longitudinal shrinkage force (ܨ௭ሻ and longitudinal moment (ܯ௭) are applied on inherent strain zone. Since 
the analysis is performed on flat plates, then the transverse shrinkage force (ܨ௫) and transverse moment (ܯ௫) are 
applied on the nodes located at both ends of the plate. In order to get the loading per node, the force should be 
divided by the number of nodes that exists in inherent strain zone .Thereafter the nodal load has to be applied on 
each node and then carry out elastic analysis. Fig 6 illustrates how the shrinkage forces and moments are distributed 
in a plate. Fig 6 shows the distribution of the shrinkage force in the T-fillet joints baseplate.  
 
 
 
 
 
 
Fig. 5. Distribution of shrinkage forces an moments. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6. Shrinkage force distribution in T-fillet joint. 
5. Comparison of different approaches  
Distortion components calculated by three inherent strain based methods are compared in fig. 7, which shows the 
maximum out of plane deformation, also compared with measurements. It is observed, considering the constraint 
conditions, the maximum transverse bending occurs in front edge of the model. For the T-joint the maximum 
longitudinal bending occurs at the side edge that corresponds to constraint conditions. Tab. 2 shows the other two 
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deformation components; longitudinal and transverse shrinkages. The results are also compared with elastic-plastic 
analysis and experimental data.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 7. Distortion prediction using the elastic-plastic analysis, inherent concepts and experiments. 
Table 2. Comparison of maximum distortion using different methods 
 Elastic-Plastic  
FEM 
Elastic 
FEM 
  Inherent 
strain 
Inherent 
deformation 
Shrinkage force 
Longitudinal shrinkage (mm) -0.31 -0.5 -0.4 -0.4 
Transverse shrinkage (mm) -0.1 0.25 -0.12 -0.16 
Angular distortion (mm) 0.051 0.052 0.041 0.041 
 
6. Conclusions 
Distortion analysis can be carried out using full nonlinear/elastic-plastic welding simulation or elastic FEA 
adopting one of the inherent strain approaches. The full elastic plastic analysis requires large computational time due 
to e.g. nonlinear material properties. For the fairly simple welded T-joint the CPU time was approximately 5 hours 
for the 3D analysis. In distortion analysis using elastic FE models the CPU time is less than 1 minute.  
 The determination of the inherent strain distribution is essential in order to carry out the elastic FEA. From this 
inherent strain distribution it is possible to identify the average value of the inherent strain zone along the welding 
line where the averaged inherent strain value will serve as the initial condition in such analysis. The longitudinal and 
transverse inherent strain distributions shows the maximum inherent strain zone in the middle cross section of the T-
joint, where maximum thermal gradient have occurred. However, large variation is observed in the start and stop 
position of the welding, i.e. edge effects. Thus, the average value of the inherent deformation should be calculated 
by neglecting the results from the nodes and elements locate near the plate edges.  
In fig. 5 the out of plane deformations are compared using the different distortion analysis concepts with elastic 
plastic FEM and measurements. It can be observed that the inherent strain predicts the distortion with good accuracy 
as compared with the other approaches. The inherent deformation and shrinkage force requires an integration step, 
which will result in a poorer distortion approximation. The bending deformation will have an effect on the angular 
distortion, which is a more influential on the out of plane deformation than longitudinal and transverse shrinkages. . 
It is found that the inherent strain and inherent deformation approaches are suitable to predict transverse shrinkage 
and transverse bending whereas to predict the longitudinal shrinkage and longitudinal bending the shrinkage force 
approach is more suitable. 
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